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Crystal structure of Escherichia coli PurE, an unusual mutase in
the purine biosynthetic pathway
Irimpan I Mathews1, T Joseph Kappock2, JoAnne Stubbe2 and Steven E Ealick1*
Background: Conversion of 5-aminoimidazole ribonucleotide (AIR) to
4-carboxyaminoimidazole ribonucleotide (CAIR) in Escherichia coli requires two
proteins — PurK and PurE. PurE has recently been shown to be a mutase that
catalyzes the unusual rearrangement of N5-carboxyaminoimidazole
ribonucleotide (N5-CAIR), the PurK reaction product, to CAIR. PurEs from
higher eukaryotes are homologous to E. coli PurE, but use AIR and CO2 as
substrates to produce CAIR directly. 
Results: The 1.50 Å crystal structure of PurE reveals an octameric structure
with 422 symmetry. A central three-layer (αβα) sandwich domain and a kinked
C-terminal helix form the folded structure of the monomeric unit. The structure
reveals a cleft at the interface of two subunits and near the C-terminal helix of a
third subunit. Co-crystallization experiments with CAIR confirm this to be the
mononucleotide-binding site. The nucleotide is bound predominantly to one
subunit, with conserved residues from a second subunit making up one wall of
the cleft.
Conclusions: The crystal structure of PurE reveals a unique quaternary
structure that confirms the octameric nature of the enzyme. An analysis of the
native crystal structure, in conjunction with sequence alignments and studies of
co-crystals of PurE with CAIR, reveals the location of the active site. The
environment of the active site and the analysis of conserved residues between
the two classes of PurEs suggests a model for the differences in their substrate
specificities and the relationship between their mechanisms. 
Introduction
The details of the purine biosynthetic pathway were elu-
cidated in the 1960s by seminal experiments by
Buchanan and his collaborators [1]. Only recently has it
been realized that a dichotomy exists in the center of
this pathway between higher eukaryotes on one hand
and plants, yeast and prokaryotes on the other [2–4].
This divergence relates to the enzymatic reaction
catalyzed by PurE, which converts 5-aminoimidazole
ribonucleotide (AIR) to 4-carboxyaminoimidazole
ribonucleotide (CAIR). In higher eukaryotes this inter-
conversion requires only the additional presence of CO2
[5]. We have designated these enzymes as Class II
PurEs. In other organisms, with the Escherichia coli PurE
serving as a prototype, this interconversion requires two
separate enzymatic activities [2,6]. The first protein,
designated PurK (N5-carboxyaminoimidazole ribonu-
cleotide [N5-CAIR] synthetase), catalyzes the conversion
of AIR, ATP and bicarbonate to N5-CAIR, ADP and Pi
[2,6]. The second enzyme, also referred to as PurE, cat-
alyzes the conversion of N5-CAIR to CAIR [2,7]. We
have designated these proteins as Class I PurEs. PurE
can thus function as either a carboxylase (Class II) or as a
mutase (Class I; Figure 1). 
These enzyme activities are of interest to us for several
reasons, in addition to the evolutionary implications of the
differing catalytic strategies. First, N5-CAIR is chemically
unstable (t1/2 of 15 s at pH 7.5 and 25°C) [2]. This instabil-
ity has sparked our interest in whether this intermediate
can be directly transferred, or channeled, between PurK
and PurE, which would involve a transient protein–protein
interaction [8–11]. However, there is no evidence so far
that PurK has affinity for PurE [12]. PurE is also of interest
because, depending on the source from which it is iso-
lated, it comes in a number of forms [2]. In humans a Class
II PurE is fused to the C terminus of PurC (4-[N-suc-
cinocarboxamide]-5-aminoimidazole ribonucleotide syn-
thetase) [13], in yeast a Class I PurE is fused to the C
terminus of PurK [14], while in E. coli a Class I PurE is
unfused [15,16] (Table 1). 
In 1994, E. coli PurE and PurK were shown to not be
subunits of an AIR carboxylase, as originally proposed
from genetic studies [17]. As noted above, each of these
proteins can function independently [6]. These studies
led to the discovery, as depicted in Figure 1, of two new
enzymatic activities and a new chemically unstable
intermediate, N5-CAIR [2]. 
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The structure of E. coli PurK has recently been solved to
2.1 Å resolution. It is part of the ATP-grasp superfamily
[18], which includes biotin carboxylase [19] and car-
bamoyl phosphate synthetase [20], two enzymes catalyz-
ing very similar chemistry. Interestingly, this family
includes two additional enzymes involved in E. coli purine
biosynthesis: glycinamide ribonucleotide (GAR) syn-
thetase (PurD) [9] and the formate-dependent GAR
formyltransferase (PurT) [21]. All of these enzymatic reac-
tions are proposed to involve phosphoanhydride interme-
diates [2,22,23]. In the case of PurK, this intermediate is
proposed to be carboxyphosphate [2]. 
E. coli PurE catalyzes the chemically unprecedented con-
version of N5-CAIR to CAIR. The CO2 of the carbamate
of N5-CAIR is transferred directly to the C4 position to
generate CAIR, without exchange with bicarbonate/CO2
from solution [7]. The mechanism of this reaction is
unknown, and is a reminder of the still unsolved mecha-
nistic problem of how the amide nitrogen of biotin func-
tions as a CO2 carrier [24].
In order to understand the mechanism of CO2 delivery,
we have crystallized the E. coli PurE protein and solved
its structure, which has been refined to 1.5 Å resolution.
The results of this structural analysis are reported here.
An analysis of the spatial location of the 13 conserved
residues among some 30 known PurE sequences (includ-
ing both Class I and II) and the 35 conserved residues
among the Class I PurEs alone (23 sequences) defines
the location of the active site. As with recent structures
of other enzymes in this pathway [9,25,26], we antici-
pated that the mononucleotide substrate would bind to
an N-terminal strand–loop–helix, a P-loop motif, with
the phosphate of the nucleotide interacting with the end
of the helix dipole. The location of the active
site and mononucleotide binding has been confirmed
by data from the co-crystallization of CAIR with
PurE. This information has allowed speculation about 
the mechanism of PurE-catalyzed decarboxylation 
and recarboxylation. 
Results and discussion
Structure of the monomer
PurE is an octamer composed of identical 17 kDa sub-
units. Each monomer consists of a central domain and a
C-terminal α helix that is extended out and away from the
central domain (Figure 2a–c). The central domain consists
of a five-stranded parallel β sheet with strand order β2-β1-
β3-β4-β5, flanked by three α helices (α2, α3 and α4) on
one side of the sheet and two α helices (α1 and α5) on the
other, forming a three-layer (αβα) sandwich. The C-termi-
nal α helix, α6, extends to the neighboring monomer,
making an interhelical angle of –134.4° with α5. The
central domain adopts a fold akin to the dinucleotide-
binding domain, which is found in many nucleotide-
binding enzymes [27]. A search of the structural database
using DALI [28] revealed that the topology of the core
domain of PurE is found in several other protein struc-
tures. The greatest similarity was observed with the N-ter-
minal domain of D-ribose-binding protein and its
homologs [29]. The topology for residues 1–89 of this
domain is very similar to residues 7–92 of PurE, except
that helix α4 in PurE is replaced by a loop in D-ribose-
binding protein. When the two domains are superimposed
the substrate-binding site of PurE is about 6 Å away from
the D-ribose-binding site in the D-ribose-binding protein
Although some aspects of the PurE fold have been previ-
ously observed, one unique aspect, as discussed below, is
its quaternary structure. 
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Figure 1
Reactions catalyzed by Class I and Class II PurEs. See text for
abbreviations; R5P is ribose 5-phosphate.
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Table 1
PurE from various organisms.
Organism Kingdom PurKE protein structure Subunit molecular mass (kDa) PurE substrate Reference
Escherichia coli Bacteria PurK, PurE 39.5, 17.1 N5-CAIR [15,16]
Cryptococcus neoformans Eukarya PurK–PurE 62.6 N5-CAIR [31]
Gallus gallus Eukarya PurC–PurE 47.2 AIR/CO2 [4]
Homo sapiens Eukarya PurC–PurE 47.1 AIR/CO2? [13]
Sulfolobus solfataricus Archaea PurK, PurE 42.4, 17.1 N5-CAIR [55]
Archaeoglobus fulgidus Archaea (no PurK), PurE 20.0 AIR/CO2? [32]
Methanobacterium Archaea (no PurK), PurE–PurE′ 36.2 N5-CAIR? [33]
thermoautotrophicum
Structure of the octamer
PurE is an octamer of identical subunits. In the crystals
of unliganded PurE the octamer symmetry is coincident
with the 422 symmetry of the space group, whereas in the
complex an asymmetric unit contains a complete
octamer. The octamer is shaped like a square box mea-
suring 75 Å along an edge and 39 Å thick (Figure 3). The
top and bottom of the box have fourfold symmetry
whereas the four sides of the box display twofold symme-
try. A channel runs through the center of the box along
the fourfold-symmetry axis. The channel is approxi-
mately 13 Å wide at the top and bottom entrances (nar-
rowest points) and opens to a large cavity approximately
29 Å across in the center of the octamer (widest point).
This cavity is formed mainly by eight symmetry-related
α4 helices (residues 100–109). The cavity is filled by 44
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Figure 2
Subunit structure of PurE. (a) Ribbon diagram
and (b) topology diagram of the PurE
monomer. (c) Stereoview of the Cα trace,
with every tenth residue labeled.
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water molecules that are interlinked by an extensive
hydrogen-bonding network to eight symmetry-related
Tyr105 residues. The total surface area buried by the cre-
ation of the octamer is 4013 Å2 per monomer, approxi-
mately half of the monomer surface.
The top and bottom faces of the octamer are formed by
consecutive fourfold rotations of a monomer resulting in a
square-shaped tetrameric layer (Figure 4a,b). The contacts
in this layer are formed primarily between the end of the
extended C-terminal α6 of one subunit and α2 and β2 of a
fourfold-related subunit. The kink between α5 and α6 is
located at the corner of the square. On one side of the
square layer, a loop between α4 and β5 forms protrusions
that face the interior of the octamer. The octamer is gen-
erated by placing two square layers face to face to form a
square box (Figure 4a,b). The two layers are related by
two unique twofold axes: one that passes through the
centers of the sides of the box and one that passes through
the midpoints of the side edges of the box. The residues
at the bends of the protruding loops (an unconserved
Arg112 in the case of E. coli PurE) on the interior of the
octamer interpenetrate such that the end of each residue
is visible from a cleft on the outside of the octamer.
A total of 53 pairwise interactions are observed between
amino acid residues at the subunit interfaces on the basis
that the pair of residues has at least one interatomic dis-
tance of less than 3.5 Å. Of these interactions, 33 are
hydrophobic contacts and 20 involve hydrogen bonds. In
12 of the contacts both amino acid residues involved in the
pairwise interactions are conserved, in 19 contacts one
amino acid residue in the pair is conserved, and in 22 con-
tacts neither interacting amino acid residue is conserved.
Most of the subunit–subunit contacts (45 of 53) occur
between the two square layers rather than between the
subunits that make up each layer. Of the 35 conserved
residues among the Class I PurEs (excluding PurE
domains of PurE–PurE′ fusions), 18 are found at the inter-
face between the two tetramers (Figure 4b). However,
these residues participate in 89% of all inter-layer contacts
(292 of 327 contacts per subunit). Six of the thirteen
strictly conserved residues in Class I and Class II PurEs
are present at this interface, participating in 23% of the
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Figure 3
Stereoview of a PurE octamer viewed down
the fourfold axis. Each monomer is presented
in a different color.
Figure 4
Molecular surface of PurE. In panels
(a,b) surface-exposed strictly conserved
residues in Class I PurEs are colored green.
The orientation presented here is the same
as in Figure 3. (a) Octamer surface.
(b) Bottom tetrameric layer surface, showing
many conserved, buried residues involved in
inter-layer contacts. (c) An electrostatic
surface representation of the octamer
showing the four positively charged regions.
Red indicates electronegative potential and
blue indicates electropositive potential at the
active sites (range –25 to +25 kT). Four
additional active sites are located on the
bottom face of the octamer. 
inter-layer contacts. Helices α2, α3 and α4 from one
subunit contact the same helices in a twofold-related
subunit using the twofold axis that passes through the side
faces of the box. In addition, α5 and the edge of β5 of one
monomer contact a twofold-related monomer, giving rise
to a ten-stranded intersubunit sheet formed by hydrogen
bonds between two antiparallel β5 strands. These strands
are related by the twofold axes that pass through the side
edges of the box.
Co-crystallization of PurE with CAIR reveals the active site
PurE was crystallized in the presence of CAIR. The struc-
ture was solved by molecular replacement using the coor-
dinates of the refined PurE octamer as the search model.
An examination of difference electron-density maps
revealed variable occupancy of the ligand for the eight
active sites. Notably, four active sites on one fourfold-
symmetric face of the octamer showed higher occupancy,
whereas the four active sites on the opposite face showed
little or no ligand binding. A fourfold-averaged map
showed clear electron density for the phosphate, ribose
and aminoimidazole moieties. However, the carboxylate
substitution of the aminoimidazole was less clear. Electron
density for the expected carboxylate at the 4 position was
not apparent and additional electron density was observed
beyond the 5-amino substituent (Figure 5). Therefore the
ligand appeared to be more consistent with N5-CAIR than
with CAIR. Because of this unexpected result and
because of the variable occupancy of the eight active sites,
we conservatively chose to include only the phosphate,
ribose and aminoimidazole for one fourfold-symmetric
face of the octamer in the final model. The carboxylate
group was modeled on the basis of additional electron
density that appeared weakly in the difference Fourier
maps, but was not included in the refinement. The
R factor of the final model is 20.3% (Rfree = 23.9%).
The active-site cleft and binding pocket is located at an
interface involving three subunits (Figure 6a). An electro-
static surface calculation shows that positive charges are
located on the edge of four deep clefts found on the top
and bottom (fourfold-symmetric) faces of the octamer
(Figure 4c). The cleft is formed primarily by secondary
structural elements and connecting loops as follows: the
C-terminal end of β strands β1, β2 and β3, and the N-ter-
minal ends of helices α2 and α3 from one subunit, α3 and
α4 from a twofold-related subunit and α5 and α6 of a four-
fold-related subunit. The structure of a PurE complex
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Figure 5
Mononucleotide-binding site. (a) Electron
density associated with the mononucleotide
generated from co-crystallization of CAIR and
PurE, contoured at 0.75σ. (b) Stereodiagram
showing proposed N5-CAIR ligand and key
active-site residues.
crystallized in the presence of CAIR shows that the ligand
binds in a pocket at the bottom of this cleft (Figure 6a,b)
with the ribose 5-phosphate (ribose 5-P) largely exposed
on the surface. The aminoimidazole sidechain is buried in
a largely hydrophobic pocket. At the current level of
refinement, it is not possible to determine whether the
nucleotide is AIR, N5-CAIR, CAIR, or some combination
of nucleotides. All of these mononucleotides are poten-
tially present during crystallization [2]. CAIR present at
10 mM concentration would rapidly be converted to
N5-CAIR by PurE. The N5-CAIR would then be non-
enzymatically decarboxylated to AIR and 10 mM bicar-
bonate. N5-CAIR, AIR and bicarbonate would exist in
equilibrium, favoring the latter two species [2]. Whether
PurE is able to selectively concentrate and stabilize 
N5-CAIR remains an open and mechanistically interesting
question. In Figures 6a and b, we have modeled a car-
boxylate onto the 5-amino group of AIR to give N5-CAIR
(consistent with the electron density, Figure 5a) for the
purpose of thinking about the mechanism. The nucleotide
1400 Structure 1999, Vol 7 No 11
Figure 6
The active site of PurE at the interface of three
subunits. Views (a) and (b) are shown in the
same orientation. (a) Model of N5-CAIR in the
active site. The α carbons labeled in orange
are conserved residues of Class I PurEs. In
addition, the P loop, forties loop, and
seventies loop thought to be important in
catalysis are highlighted. (b) Stereoview of
the active-site cleft with N5-CAIR. Colored
regions on the surface correspond to surface-
accessible conserved residues in Class I
PurEs. Red regions are conserved in all
PurEs. Yellow regions are conserved in only
Class I PurEs. The orange region is R46 in
Class I and K in Class II PurEs. Also
highlighted is D19, involved in hydrogen
bonding to the hydroxyl groups of the ribose
5-P of the mononucleotide.
binds predominantly to a single subunit (Figures 5b,6a).
The conserved residues in the Class I PurEs that are
located near the ligand include the P-loop residues
(Gly15, Ser16 and Asp19), the forties-loop residues
(residues 43–47, SAHRT, single-letter amino acid nota-
tion) and the seventies-loop residues (74–78, AHLPG).
The second subunit makes up one wall of the active-site
cleft with conserved residues Gln109, Met110 and Pro111.
The contribution to the active site of the third subunit,
predominantly from the α6 helix, seems to be totally
structural with no conserved residues (Figure 6a).
A sequence alignment using both Class I and II PurEs is
given in Figure 7. A comparison of the conserved residues
within Class I PurEs to those conserved within both Class
I and Class II could provide a model for thinking about
the basis for differences in substrate specificities between
these two classes (Figure 1). The P-loop residues listed
above are conserved within both classes and, as discussed
below, provide a binding site for the phosphate of the
mononucleotide substrate. In the forties loop, Ser43,
Ala44 and His45 are also conserved, but Arg46 is replaced
by lysine in the Class II PurEs. We initially postulated
that this lysine in Class II PurEs might serve as a CO2
carrier during the carboxylation reaction [7], differentiat-
ing the two classes of PurEs mechanistically. However, a
mutagenesis study of E. coli PurE, in which Arg46 was
replaced with lysine, revealed that the mutant retains a
high level of activity and the same substrate specificity.
This mutant could not use AIR and CO2 as a substrate.
Thus residue 46, while not mechanistically informative,
seems to be diagnostic for the two classes of PurEs.
Another region of the active site, the seventies loop, pro-
vides a compelling diagnostic sequence motif that clearly
differentiates the two classes of PurEs (Figures 6a,7). The
seventies loop, conserved within and unique to each class,
must play a major role in distinguishing between AIR and
N5-CAIR binding. The openness of the active site and the
location of the seventies loop relative to nucleotide elec-
tron density suggest that some structural change might
occur within this region to effect catalysis. Alternatively,
conserved within the seventies loop of the Class II PurEs
between β3 and α3 is a second putative P loop (AGRNSG,
residues 330–337 in Gallus gallus [chick] PurCE), which
might function as a phosphate-binding motif. The unique
function of these loops remains to be established. 
The structure gives several insights into the mechanism
of this unusual mutase reaction. First, we have been
unable to model simultaneously the binding of both AIR
and N5-CAIR into a single active site of PurE. Thus a
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Figure 7
Sequence alignment of a Class I PurE (E. coli)
with a Class II PurE domain (G. gallus
residues 265–426). Conserved residues
found in all members of each class are shown
in bold letters. Residues conserved among all
non-methanogen PurEs are highlighted in red.
Residues conserved within a class that are
different from those conserved in the other
class are highlighted in yellow. Below the
sequence alignment are the corresponding
consensus sequences for each class (23 and
5 sequences, respectively). The consensus
sequences were calculated using a facility
provided by the P Bork group in the EMBL
Biocomputing Unit (http://coot.embl-
heidelberg.de/Alignment/consensus.html).
Capital letters are strictly conserved. Other
symbols are: •, any residue or gap; l, aliphatic
(I, L or V); c, charged (D, E, H, K or R); h,
hydrophobic (A, C, F, G, H, I, K, L, M, R, T, V,
W or Y); p, polar (C, D, E, H, K, N, Q, R, S or
T); +, positive (H, K or R); s, small (A, C, D, G,
N, P, S, T or V); u, tiny (A, G or S); and t,
turnlike (A, C, D, E, G, H, K, N, Q, R, S or T).
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mechanism in which N5-CAIR transfers its carboxylate to
AIR seems unlikely.
Second, the hydrophobic pocket into which the carboxy-
late of N5-CAIR binds, coupled with the chemical instabil-
ity of N5-CAIR, suggest that this binding would be
sufficient to potentiate the decarboxylation. Previous
studies of Lienhard and coworkers studying a model of thi-
amine-pyrophosphate-mediated decarboxylation of pyru-
vate demonstrated rate accelerations of 103 by changing
the solvent from water to ethanol [30]. In the case of PurE,
the CO2 liberated from N5-CAIR would be sequestered
and would react with the C4 of AIR to generate CAIR or
the amino group of AIR to regenerate N5-CAIR [7].
Comparison of the nucleotide-binding site of PurE with
other purine biosynthetic enzymes
Only two of the eleven enzymes in the purine biosyn-
thetic pathway, PurF [25] and PurN [26], have previously
been crystallized in the presence of a mononucleotide
substrate. Both of these structures revealed that the phos-
phate of the ribose 5-P moiety of the nucleotide binds at
the P loop in a strand–loop–helix structure. The structural
similarity between the N-terminal, mononucleotide-
binding domains of PurN and PurD [9] and the availabil-
ity of a structure of PurN bound to glycinamide
ribonucleotide [26] suggests that PurE also binds its sub-
strate in the strand–loop–helix motif as noted above. PurK
is structurally similar to PurD and its sequence is homolo-
gous to that of PurT [18]. Most probably, these enzymes
will also have similar binding modes for mononucleotide
substrates. On the basis of  the electron density associated
with the structure resulting from co-crystallization of
CAIR and PurE (Figure 5a), it is clear that the mono-
nucleotide binds in the anticipated fashion, with the phos-
phate of the ribose 5-P binding at the P loop between the
N-terminal strand and the first helix. As noted above, the
residues G15[S/C]xxD19 (where x is any amino acid) seem
to be conserved in both classes of PurEs and the con-
served aspartate seems to form a hydrogen bond with the
ribose 3′-hydroxyl. Arg46, conserved within the Class I
PurEs, seems to interact electrostatically with the phos-
phate as well. All substrates utilized by the purine biosyn-
thetic enzymes share a ribose 5-P moiety. Interestingly,
PurF, D, N, K, T and E may all share a common ribose
5-P-binding mode.
Evolutionary implications
As outlined in the introduction, PurE comes in a number
of forms (Table 1). The recent structure of E. coli PurK
[18], enzymological characterization of PurE from bacterial
[2,7], animal [1,3,5], and fungal sources [31], and sequence
data for PurE from bacteria, archaea, and eukarya [7] allow
suggestions to be made about its evolution. First, it is
likely that the unusual subunit stoichiometry of PurE in
bacteria, chicken and a fungus (Cryptococcus neoformans) is
the same. Solution studies on E. coli PurE [12] and the
crystal structure indicate that it is an octamer. The G. gallus
enzyme, which is a fusion of PurC and PurE (subunit mol-
ecular mass = 46 kDa), has a native molecular weight of
≥ 330 kDa [5], suggesting that it might also be an octamer.
Finally, the recently characterized C. neoformans PurE [31],
which is a fusion of PurK and PurE (subunit molecular
mass = 63 kDa) has a native molecular weight of 490 kDa
and might also be an octamer. It is thought provoking and
important that the two classes of PurEs, which use either
AIR and CO2 as substrates or N5-CAIR as a substrate,
seem to have similar quaternary structures. This observa-
tion is consistent with the high number of conserved
residues located at subunit interfaces (Figure 4b).
Sequence alignments of the Class I PurEs alone or in com-
parison with the Class I and II PurEs together (Figure 7)
suggest that residues involved in mononucleotide binding
are conserved, including both the P loop and the forties
loop (Figure 6a). The seventies loop, which is conserved
within each class, as discussed above, may be responsible
for discriminating between N5-CAIR and AIR. These sim-
ilarities suggest that one PurE evolved from the other and
raise the question as to which is the progenitor.
With the benefit of structure, some clues as to the progen-
itor may be accessible by the examination of additional
PurE sequences. Most useful is the information obtained
from organisms whose complete genome sequences are
known and which do not conform to the generalization
that eukaryotes use Class II PurEs and plants, yeast and
bacteria use Class I PurEs. The archaebacterium
Archaeoglobus fulgidus, for example, lives in a hydrothermal
vent with a CO2-rich environment, lacks PurK, and has a
Class II-like PurE (Table 1) [32]. At high partial pressures
of CO2, the Class II mechanism becomes feasible. 
A second anomaly is the PurE from methanogenic archae-
bacteria (Figure 7). They may contain a third class of PurE.
The PurE from Methanobacterium thermoautotrophicum [33]
has a subunit molecular mass of 36 kDa and is a fusion of
two PurE domains (PurE–PurE′). There is no recognizable
PurK equivalent in the genome. The PurE domain, when
compared to the Class I and Class II PurEs, reveals a seven-
ties-loop sequence diagnostic of a Class I enzyme. The
PurE′ domain, on the other hand, is aligned to other PurEs
by Asp19, Gly15 and Pro111 (Figure 7). The PurE′ domain
lacks the conserved polar residues in the forties loop. Thus
PurE′ could play an entirely structural role within the PurE
multimer, or function in some unanticipated catalytic capac-
ity. The PurE–PurE′ fusion is especially interesting because
it is found in a moderate thermophile, where the instability
of N5-CAIR may pose a problem. A Class I PurE would
have to protect N5-CAIR from rapid decomposition at ele-
vated temperatures, presumably by channeling of the inter-
mediate between proteins. Channeling of carbamoyl
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phosphate (unstable at high temperatures) from carbamoyl
phosphate synthetase to either aspartate transcarbamoylase
or ornithine transcarbamoylase has recently been invoked in
a hyperthermophile [34]. In addition, PurE–PurE′ is struc-
turally distinct from other PurEs in that it is the only C-ter-
minal fusion to a PurE domain. At present it is not known if
this enzyme represents a third mechanistic class of PurEs. 
Does channeling occur between PurE and PurK?
Finally, we have long been interested in the importance of
transient protein–protein interactions between sequential
enzymes in metabolic pathways, and in the channeling of
chemically unstable intermediates [8,35]. N5-CAIR, the
substrate of E. coli PurE, is unstable and it is thus of inter-
est to ask whether N5-CAIR can channel between PurK
and PurE in E. coli or in microbial eukaryotes and plants,
where PurK and PurE are fused to each other. This is an
experimentally challenging question to address for two
reasons. First, the instability of N5-CAIR and its decompo-
sition to AIR makes its quantitation difficult. Second, the
turnover number for E. coli PurK is one-third that of PurE
[6]; thus even at a 1:1 stoichiometry, such as in the micro-
bial eukaryotes (where this ratio is 1:4), it is difficult to
detect uncoupling. Recent studies of Firestine et al. [31]
with the C. neoformans PurK–PurE enzyme fusion demon-
strated that when the enzyme was assayed in the presence
of added E. coli PurE a twofold increase in the rate of
CAIR formation was observed under one set of conditions.
These studies suggest that channeling is not essential in
this system, but may occur under other sets of conditions. 
Biological implications
Despite the central role of purine biosynthesis in almost all
organisms, the enzymatic mechanism of conversion of 
5-aminoimidazole ribonucleotide (AIR) to N5-carboxy-
aminoimidazole ribonucleotide (CAIR) has not been
evolutionarily conserved. In most procaryotes, this inter-
conversion requires two proteins: PurK and PurE. PurK
utilizes the conversion of AIR, ATP and HCO3– to make
N5-CAIR, ADP and Pi. PurE catalyzes the chemically
unprecedented rearrangement of the ‘carboxylate’ of
N5-CAIR to generate CAIR. In higher eukaryotes, on
the other hand, a single protein (also designated PurE) is
required for conversion of AIR to CAIR, utilizing CO2
as a substrate. The complete genome sequence of
Caenorhabditis elegans contains no PurK analog [36],
suggesting that PurE is necessary and sufficient for AIR
carboxylation in animals. The evolutionary relationship
between these two classes of PurEs is interesting enough
to warrant further exploration. The structure of prokary-
otic PurE is a beginning to understanding how this protein
has evolved to utilize two different substrates: N5-CAIR,
or AIR and CO2. 
The chemical instability of N5-CAIR makes PurE and
its interaction with PurK of interest too. Interaction of
PurK and PurE potentially represents a second step in
the purine biosynthetic pathway [35] in which direct
transfer or channeling of a chemically unstable interme-
diate occurs by transient protein–protein interactions.
The structure of PurE provides a starting point to think-
ing about this putative interaction. The structure of
prokaryotic PurE has also begun to shed light on the
fusion proteins of PurE with other enzymes in the
purine biosynthetic pathway: PurK–PurE in Saccha-
romyces cerevisiae, PurC–PurE in Gallus gallus and
humans, and PurE–PurE′ in methanobacteria.
Materials and methods 
Purification of SeMet-substituted PurE protein
Competent E. coli B834(DE3) cells were obtained from Novagen.
L-SeMet, protamine sulfate (Grade X from salmon) and other biochemi-
cals were obtained from Sigma. The SeMet-substituted PurE protein
was quantitated by the Lowry method using bovine serum albumin as a
standard [37]. CAIR decarboxylation, the non-physiological direction
for the PurE-catalyzed reaction, was used to measure its activity at
37°C with 0.1 mM CAIR in 100 mM Tris pH 8.0 as previously
described [6]. The activity of the SeMet-substituted enzyme
(43 units/mg) was indistinguishable from that of wild-type PurE. One
unit of activity is 1 µmol CAIR decarboxylated per min.
The methionine auxotroph B834(DE3) was transformed with pNC2, a
plasmid containing the E. coli PurK–PurE genes in the pET23a T7
expression vector [7]. These cells were grown at 37°C in 1 l of SeMet
auxotroph medium, supplemented with 40 mg SeMet and 40 mg ampi-
cillin [38]. At A600 = 0.74, isopropyl-β-D-thiogalactoside was added to
1 mM, and the cells were allowed to grow for an additional 11 h before
harvesting them by centrifugation. Cells (3 g/l) were frozen on dry ice
and stored at –80°C. 
All steps in protein isolation were carried out at 4°C, in the presence of
dithiothreitol (DTT) to avoid SeMet oxidation. Frozen cells (3 g) were
resuspended in 40 ml lysis buffer (100 mM Tris pH 8.0 [at room tem-
perature], 30 mM MgCl2 and 10 mM DTT) supplemented with 0.1%
(w/v) phenylmethylsulfonyl fluoride. Cells were lysed by two passes
through a French-pressure cell operating at 16,000 psi, and debris was
removed by centrifugation for 30 min at 18,000g. Protamine sulfate
was added to 0.12% (w/v) over 40 min, followed by centrifugation for
20 min at 18,000g. In contrast to the literature method [6], no PurE
activity remained in the supernatant. The protamine pellet was resus-
pended in 60 ml lysis buffer and centrifuged for another 20 min at
18,000g; no activity was found in the supernatant of this wash. The
washed pellet was resuspended in 60 ml lysis buffer and brought to
50% saturation in ammonium sulfate over 60 min, which initially cleared
the turbid protamine pellet suspension. After stirring for another 45 min
a small amount of insoluble material was removed by centrifugation for
20 min at 18,000g. The supernatant (which contained 73% of the
initial PurE activity) was brought to 80% saturation in ammonium
sulfate over 60 min, stirred for an additional 30 min, and centrifuged for
20 min at 10,000g. This pellet was dissolved in 5 ml of 100 mM Tris
pH 8.0, 10 mM DTT, and applied to Sephadex G-25. Subsequent
steps in the literature procedure, modified to include 10 mM DTT in all
buffers, were used to isolate SeMet-substituted PurE with a recovery of
40% of the initial enzyme activity.
Crystallization
Concentrated enzyme aliquots were flash-frozen in liquid nitrogen and
stored at –80°C. Each aliquot was thawed immediately before use in
crystallizations, and exchanged into the appropriate crystallization
buffer. Crystals of PurE were grown by the vapor-diffusion method in
hanging drops. Crystals used for the X-ray analysis were obtained
using a reservoir solution containing 24% PEG 400, 0.2 M MgCl2 and
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0.1 M Tris pH 8.0. The hanging drops (3–5 µl) were composed of a 1:1
mixture of protein and the reservoir solution. Hair seeding was neces-
sary to produce high quality crystals [39]. Crystals were grown for both
SeMet and wild-type PurE. The best-diffracting crystals obtained were
of SeMet-substituted PurE crystallized at 18°C. SeMet PurE crystals
were used for both multiwavelength anomalous dispersion (MAD) and
high-resolution data collection. 
Crystallizations of CAIR with PurE
Crystals of PurE in the presence of CAIR were grown from a reservoir
solution containing 20–22% PEG 4000, 0.2 M ammonium acetate and
0.1 M Tris pH 8.0. The co-crystals grown in the presence of CAIR
belong to space group P212121, with unit-cell parameters a = 86.92,
b = 94.55 and c = 149.96 Å and one octamer in the asymmetric unit
(Mathews coefficient = 2.20 Å3/Da, corresponding to a protein fraction
of 0.57 Å3/Da). 
X-ray data collection
Data for native PurE were collected at cryogenic temperature using the
Cornell High Energy Synchrotron Source (CHESS). The high-resolu-
tion and MAD data sets were collected at the F1 and F2 stations,
respectively. All data were measured using an Area Detector Systems
Corporation Quantum 4 mosaic charge-coupled device (CCD) detec-
tor. The monochromatic data were collected with a detector to sample
distance of 150 mm. Data sets were collected with a high-resolution
pass (exposure time 40 s, 110 frames, 1° per frame) and a low-resolu-
tion pass with a shorter exposure (10 s, 82 frames). These data were
merged and the final data set was 97.2% complete to 1.50 Å resolu-
tion. The overall Rsym was 0.077 with an overall redundancy of about
eightfold. The highest-resolution shell (1.58–1.50 Å) had an Rsym of
0.172 with 86.7% completeness. The intensity integration was per-
formed using the program MOSFLM [40] and data scaling and
merging were carried out with the CCP4 package [41]. Data collection
statistics are given in Table 2.
The wavelength for the selenium edge was first determined by scan-
ning the X-ray absorption spectrum near the selenium K-edge of the
SeMet-incorporated crystals. Three wavelengths were selected for
data collection: corresponding to the maximum f′′ (peak), the minimum
f′(edge) and a reference wavelength (remote). The data sets were col-
lected using inverse beam geometry. The sample-to-detector distance
was 200 mm and a total of (190 × 3) degrees of data were measured.
These data were collected in a single pass with a scan angle of 1° and
an exposure time of 30 s. Details of the data collection statistics are
given in Table 2.
X-ray intensity data for the complex of PurE and CAIR
The data for the complex of CAIR co-crystallized with PurE were col-
lected with a detector to sample distance of 250 mm. A total of 100°
of data were collected and the individual frames consisted of a 1°
oscillation angle measured for 30 s. Even though the crystal diffracted
to 2.20 Å resolution, the data sets were useful only up to 2.50 Å
because of fast decay. These data were merged and the final data set
was 87.7% complete to 2.50 Å resolution. The overall Rsym was 0.087
with an overall redundancy of about threefold. The highest resolution
shell (2.64–2.50 Å) had an Rsym of 0.277 with 84.0% completeness.
The intensity integration was performed using the program MOSFLM
[40] and data scaling and merging were performed with the CCP4
package [41]. Data collection statistics are given in Table 2.
Structure determination of native PurE
The crystal structure was determined by SeMet MAD phasing. The
unmerged data were processed with the program SORTAV [42] to
remove outlying observations. Data sets for peak and inflection were
independently used to calculate the anomalous differences, which
were then converted to E values. The Se-atom positions were deter-
mined by direct methods, as implemented in the computer program
SnB [43], using the anomalous differences of the peak and edge wave-
length. Data sets were scaled and processed with the program
LOCSCL [44] and LEVY and renormalized Es derived from the anom-
alous differences were calculated by the program DIFFE [45]. For the
peak wavelength, a total of 100 trials of SnB [43] were executed using
the 100 largest E values and 594 triple-phase invariants. Five random
Se-atom positions were used to calculate phases at the beginning of
each trial, after which the random phases were subjected to 25 cycles
of phase refinement. At the end of each trial, the five largest peaks in
the E map were used to calculate phases, which were subjected to two
additional cycles of phase refinement. A final analysis of the minimum
function values from the 100 trials showed a bimodal distribution indi-
cating 18 trials had converged to a correct solution, each resulting in
the same four Se sites. Similar results were also obtained from the
edge wavelength. 
Se-atom parameters and protein phases were refined to 2.2 Å resolu-
tion with the MLPHARE [46] program. The refinement was started at
2.8 Å resolution and the resolution was slowly increased to 2.2 Å. These
phases were improved through solvent flattening and histogram match-
ing using the program DM [47]. The final overall figure of merit was
0.76. The electron-density map calculated to 2.2 Å resolution was of
sufficient quality to allow building of 93% of the residues complete with
sidechains. The protein model was determined to have excellent geome-
try as assessed with PROCHECK [48]. The Luzzati plot (5.0–1.5 Å)
[49] showed a coordinate error of 0.16 Å for the working set and 0.19 Å
for the test set. The program O [47] was used for the model building. 
Further refinement was carried out using X-PLOR [50]. The initial
refinement was performed using the 20.0–2.2 Å data of the remote
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Table 3
Crystal data and refinement statistics.
Space group I422 P212121
Cell dimensions (Å)
a 113.04 86.92
b 94.55
c 49.41 149.96
Z 16 32
Resolution limits (Å) 20.0–1.5 25.0–2.5
R factor (%) 18.6 20.3
Rfree (%) 21.3 23.9
Root mean square (rms) bond (Å) 0.007 0.009
Rms angle (°) 1.23 1.24
Number of protein atoms 1196 9528
Number of ligand atoms 76
Number of water molecules 171 120
Amino acid range 7–168 7–167
Table 2
Summary of diffraction data.
Native Edge Peak Remote Complex
Wavelength (Å) 0.9300 0.9794 0.9790 0.9638 0.9159
Resolution (Å) 1.50 2.0 2.0 2.0 2.50
No. measurements 193,682 114,866 101,004 119,246 99,859
No. independent 25,072 10,290 10,315 10,387 37,498
reflections
Completeness of data
Overall 97.2 94.6 94.7 95.2 87.7
Outermost shell 86.7 86.6 86.8 89.2 84.0
R merge (%)
Overall 7.7 4.8 5.5 5.6 8.7
Outermost shell 17.2 7.5 9.5 9.5 27.7
wavelength. After a cycle of simulated annealing at 4000K, positional
and individual restrained B-factor refinement and model building and
one more cycle of refinement, the R factor and Rfree had converged to
23.2% and 28.6%, respectively. Because of the effectiveness of the
SeMet MAD method, the data collection to refinement of the structure
to the above R factor took only five days. The rest of the refinement
was continued after including the high-resolution data (1.50 Å). A
total of 171 water molecules were added on the basis of difference
Fourier maps and potential hydrogen-bonding geometry. The
sidechains of four residues (Ser16, Arg46, Ser106 and Arg152) were
refined with multiple conformations. The R factor of the final model is
18.6% (Rfree = 21.3%) with very good geometry (Table 3). 
Structure solution for the PurE complex
The structure of PurE complexed with CAIR was solved by molecular
replacement using the coordinates for the PurE octamer. The rotation
function was calculated using the program X-PLOR with data in the
range 8.0–4.0 Å resolution. The best solution had a peak height of
9.2σ. The Patterson correlation refinement as implemented in the
X-PLOR program increased the correlation coefficient from 0.16 to
0.19. This model was used for the translational search and the resolu-
tion range used was changed from 15.0 to 3.0 Å. The rigid-body refine-
ment of this model resulted in a crystallographic R factor of 30%.
Further refinement with positional and individual restrained B-factor
refinement dropped the R factor to 23% (Rfree 28%). After additional
cycles of model building and refinement the R factor converged to
20.3% (Rfree 23.9). Reflections in the range 25.0–2.5 Å resolution were
used for the refinement. 
Figure generation
Programs used to prepare figures included MOLSCRIPT [51], GRASP
[52], Raster3D [53], ESPript (P Gouet, E Courcelle, D Stuart and F
Metoz, unpublished program), and RIBBONS [54]. 
Accession numbers
The coordinates for the PurE models have been deposited with the
Protein Data Bank with ID codes 1QCZ and 1D7A for native and com-
plexed PurE, respectively.
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